Highlights d A Drosophila screen identifies SAC genes as suppressors of cohesion-related defects d SAC removal enhances mitotic fidelity upon premature cohesion loss d SAC inactivation enhances cell survival and tissue homeostasis upon cohesion loss
In Brief
The spindle assembly checkpoint (SAC) works as a safeguard mechanism ensuring mitotic fidelity. Here, Silva et al. describe that, in contrast to this safeguard role, a functional SAC aggravates the defects associated with premature loss of sister chromatid cohesion during mitosis.
The fidelity of mitosis depends on cohesive forces that keep sister chromatids together. This is mediated by cohesin that embraces sister chromatid fibers from the time of their replication until the subsequent mitosis [1] [2] [3] . Cleavage of cohesin marks anaphase onset, where single chromatids are dragged to the poles by the mitotic spindle [4] [5] [6] . Cohesin cleavage should only occur when all chromosomes are properly bio-oriented to ensure equal genome distribution and prevent random chromosome segregation. Unscheduled loss of sister chromatid cohesion is prevented by a safeguard mechanism known as the spindle assembly checkpoint (SAC) [7, 8] . To identify specific conditions capable of restoring defects associated with cohesion loss, we screened for genes whose depletion modulates Drosophila wing development when sister chromatid cohesion is impaired. Cohesion deficiency was induced by knockdown of the acetyltransferase separation anxiety (San)/ Naa50, a cohesin complex stabilizer [9] [10] [11] [12] . Several genes whose function impacts wing development upon cohesion loss were identified. Surprisingly, knockdown of key SAC proteins, Mad2 and Mps1, suppressed developmental defects associated with San depletion. SAC impairment upon cohesin removal, triggered by San depletion or artificial removal of the cohesin complex, prevented extensive genome shuffling, reduced segregation defects, and restored cell survival. This counterintuitive phenotypic suppression was caused by an intrinsic bias for efficient chromosome biorientation at mitotic entry, coupled with slow engagement of error-correction reactions. Thus, in contrast to SAC's role as a safeguard mechanism for mitotic fidelity, removal of this checkpoint alleviates mitotic errors when sister chromatid cohesion is compromised.
RESULTS

Depletion of SAC Genes Suppresses Developmental Defects Associated with Loss of Sister Chromatid Cohesion
To probe for conditions that enhance or suppress cellular and tissue responses to cohesion defects, we performed a modifier screen in the adult Drosophila wing. We focused our analysis on the N-terminal acetyltransferase separation anxiety (San), required for establishment and/or maintenance of sister chromatid cohesion [9] [10] [11] [12] through regulation of the interaction between two cohesin subunits (Rad21/Smc3) [10] . Knockdown of San during development results in intermediate adult wing phenotype that is sensitive to phenotypic modulation (Figures 1A and 1B) . Defects associated with San knockdown can be suppressed by several conditions that enhance cohesin stability on chromatin [10] . To search for modifiers of adult wing phenotype induced by San depletion, we co-expressed the san RNAi with 2,955 RNAis, theoretically depleting 2,920 gene products (21% of all gene products), specifically in larvae wing discs ( Figure 1A) . The resulting wings were scored in 5 categories, according to phenotype severity ( Figure 1D ) [10] . Co-expression of san RNAi with control RNAi transgene did not modify the wing phenotype when compared to san RNAi alone ( Figures 1B and 1C ) [10] . Any isolated enhancer gene whose depletion alone resulted in adult wings phenotype was discarded ( Figure S1A ). All tested RNAi lines and scored wing phenotypes are shown in Data S1.
We identified 19 suppressors and 10 enhancers whose depletion modified san RNAi adult wing phenotype ( Figure S1B ). Given the known regenerative capacity of wing discs [13] , we expected to isolate genes involved in cohesin maintenance, mitotic fidelity, and tissue response to mitotic damage. As expected, the screen revealed components previously implicated in cohesin dynamics (Mau2 and eco), validating its accuracy at isolating modifiers of cohesion state ( Figure S1B ) [10] . Most of the 29 genes identified in the screen were already characterized in Drosophila and/or in other species (Table S1 ). About half of the identified genes were either related with mitosis (Claspin, asp, Mps1, Eb1, eco, Mau2, gTub23C, and mad2) or with gene expression (CG5589, JMJD7, Pabp2, His3, and jumu). Other identified genes are important for maintaining apicobasal cell polarity and for actin cytoskeleton organization (capu, cno, and Cad99C). We identified additional suppressors or enhancer genes related with different metabolic processes (Sfxn1-3, CG3842, Dhap-at, and MFS18), protein glycosylation (CG11388), synaptic adhesion (Nlg4), a paralog of Naa20 N-terminal acetyltransferase (CG31730), and DNA repair or transcription (Parp). Surprisingly, two of the strongest suppressors were proteins that participate in the SAC, Mps1 (D) Adult wing phenotypic classes scored during the screen: class 1 (wild-type wings); class 2 (weak wing developmental defects); class 3 (san RNAilike wing phenotype); class 4 (highly abnormal wings); and class 5 (absence or vestigial adult wings). Additional examples of the scored phenotypic classes are shown in [10] . (E) Quantification of Drosophila wing phenotypes expressing individual RNAi transgenes for control (mCherry), mad2, or mps1 (gray bars) or co-expressing san RNAi with control (mCherry) RNAi, mad2 RNAi, or mps1 RNAi (black bars) in the larvae wing imaginal discs, from the described screen. (F) Candidate gene analysis for enhancers/ supressors of san RNAi. Quantification of Drosophila wing phenotypes expressing individual RNAi transgenes for control (mCherry), bubR1, mad1, fzy, and cdc23 (gray bars) or co-expressing san RNAi with control (mCherry) RNAi, bubR1 RNAis, mad1 RNAis, fzy RNAi, and cdc23 RNAi (black bars) in the larvae wing imaginal discs. bubR1 RNAi 1 , bubR1 RNAi 2 , mad1 RNAi 1 , and mad1 RNAi 2 correspond to the TRiP RNAis GL00236, GLV21065, GLV21088, and HMC03671, respectively. The average phenotypic class of control and san RNAi and control RNAi (E and F) is the same. Phenotypic quantification of adult wings is mean ± SD of three independent experiments and is based on the classes described in (D) (***p < 0.0001; oneway ANOVA with Bonferroni's multiple comparison test; n represents the total number of scored flies). See also Figure S1 , Table S1 , and Data S1. and Mad2, whose depletion suppressed san RNAi adult wing phenotypes ( Figures  1C and 1E ). We thus hypothesized that impairment of SAC could rescue mitotic defects caused by cohesin deficiency. We tested this notion by candidate gene approach and probed for genetic interactions with other SAC genes. Among four additional SAC components probed (Bub3, Bub1, BubR1, and Mad1; Data S1), RNAi for Mad1 and BubR1 suppressed the morphological defects associated with San depletion (Figures 1F and S1B).
SAC Inactivation Rescues Chromosome Segregation Defects Associated with Loss of Cohesion
To elucidate whether SAC inactivation could rescue cohesion defects, we examined mitotic fidelity in various experimental conditions. Live imaging of wing discs revealed that, upon san RNAi, cells exhibit various degrees of cohesion defects.
Whereas in controls, all cells underwent mitosis with normal metaphase morphology, upon san RNAi, only 13% ± 10% displayed normal mitosis and most cells underwent partial or full sister chromatid separation (17% ± 6% and 70% ± 13%, respectively), resulting in SAC activation and extended mitosis (Figures 2A, 2B, and S2; Video S1). More severe defects were obtained when cohesion loss was induced by acute cleavage of cohesin Rad21 subunit, using a previously established tobacco etch virus (TEV) protease-mediated system [14] . Heat-shock-induced TEV expression results in disappearance of Rad21 in cells ex- In order to inhibit the SAC, we focused on genetic conditions that remove Mad2, a key component of this checkpoint. Mad2 mutant flies were previously shown to be viable [15] , and its depletion in the larvae wing disc did not compromise wing development ( Figure 1E ). Removal of Mad2 by RNAi or the mad2 P -null allele abolished the mitotic delay in both experimental conditions Figure S2 and Videos S1 and S2.
for cohesion loss, san RNAi, and TEV-mediated Rad21 cleavage (Figures 2A-2D ; Videos S1 and S2). Surprisingly, shortening of mitotic timing drastically reduced the frequency of abnormal anaphase figures ( Figure 2E ). Whereas, upon premature loss of cohesin, mitotic exit often displays lagging chromatids or chromatin bridges, these defects were reduced when SAC was removed ( Figure 2E ).
To further evaluate segregation defects, we quantified numerical errors in chromosome segregation. We measured the area occupied by centromeres in the vicinity of each pole during mitotic exit to calculate segregation symmetry as the ratio between the areas occupied by each centromere cluster (Centromere identifier [Cid]-EGFP-labeled; Figure 2F ). This value was close to one in control, and San depletion caused a high de-gree of asymmetry between centromeric signals ( Figure 2F ). Importantly, segregation symmetry was significantly restored when San was co-depleted with Mad2 ( Figure 2F ).
To test whether these results were restricted to larval wing discs, a parallel evaluation of chromosome segregation was performed in early syncytial blastoderm embryos. Cohesin cleavage in Drosophila syncytial embryos was induced by microinjection of TEV protease during interphase [16] . This led to full separation of sister chromatids after nuclear envelope breakdown (NEBD) and a short mitotic delay ( Figures 3A and 3B ; Video S3). SAC surveillance is responsible for the delay in mitotic progression upon premature loss of sister chromatid cohesion, given that mitotic duration in a mad2 mutant background was indistinguishable from controls ( Figures 3A and 3B ; Video S3). Analysis of chromosome distribution revealed strong asymmetry upon cohesin cleavage ( Figure 3C ). We also quantified the frequency of chromosomes that lag behind the segregation plane during mitotic exit (most likely due to merotelic attachments; Figure 3D ). Consistent with our previous results (Figure 2F) , loss of SAC led to reduction of segregation errors after TEV cleavage, as evidenced by the significant recovery in centromere distribution symmetry and lagging centromere frequency decrease (Figures 3C and 3D) . Altogether, these results demonstrate that SAC inactivation rescues chromosome segregation defects upon cohesion loss.
SAC Inactivation Suppresses Chromosome Shuffling after Loss of Cohesion
Premature sister-chromatid separation results in extensive genome randomization. Upon premature cohesin loss, single chromatids lack the opposing forces to ensure proper tension across and/or between kinetochores, leading to unstable microtubule-kinetochore interactions and error correction [17, 18] . These reactions are mediated by Aurora B kinase that destabilizes erroneous kinetochore-microtubule interactions, resulting in extensive shuffling of isolated sister chromatids between spindle poles [16] [17] [18] [19] . Consequently, mitosis in absence of cohesion results in random chromosome segregation, with high probability of generating aneuploidy.
We postulated that mitosis shortening due to SAC loss limits chromosome shuffling, therefore enhancing mitotic fidelity. To test this, we probed for genetic interactions between san RNAi and genes whose depletion should prolong mitosis (Data S1). As predicted, RNAi for the anaphase-promoting complex/cyclosome (APC/C) subunit cdc23 and the APC/C activator cdc20/ Fzy aggravated morphological defects associated with san RNAi (Figures 1F and S1B ; Data S1).
Aneuploidy levels should be proportional to the number of isolated chromatids crossing the middle of the segregation plane. We quantified the frequency of shuffling events, defined as each time a chromatid close to one pole undergoes erratic motion toward the opposite pole. In embryos, the SAC-dependent mitotic delay observed upon cohesin cleavage, albeit short ($4 min; Figure 3B ), was enough to allow a high degree of chromosome shuffling (Video S3; Figures S3A and S3B ). In the absence of SAC, however, despite the full premature loss of cohesion, there was a decrease in chromosome-shuffling events ( Figure S3B ; Video S3). Thus, SAC abolishment substantially decreases frequency of shuffling by shortening mitosis.
These results suggest that, despite cohesin loss, error correction does not take place during early mitotic stages. To test this possibility, we measured the kinetics of chromosome shuffling onset upon loss of cohesion. Analysis in embryos and wing discs revealed that, despite cohesin removal, chromosomes retain a pseudo-metaphase configuration for an extended period of time (Figures 2A, t = 6 min, and 2C, t = 9 min; Figure 3A , t = 2 min; Videos S1, S2, and S3). During this pseudo-metaphase stage, sister centromeres were found fully disjoined, confirming loss of sister-chromatid cohesion. However, separation of chromatin itself was only initiated several minutes later.
We monitored the timing of error-correction engagement using kymographs that plot the positioning of centromeres over time. Time of initial centromere separation can be detected by the split in centromere signals and onset of chromosome shuffling by the time centromeres start crossing the segregation plane ( Figure 3E, arrow and arrowheads, respectively) . This analysis revealed that, upon cohesin cleavage, chromosome shuffling was only initiated 4.07 ± 0.96 min after NEBD (1.3 ± 0.4 min for NEBD to centromere separation and 2.8 ± 0.8 min from centromere separation to initiation of shuffling; Figure 3F ). A similar, yet extended behavior was observed in the wing disc. Upon NEBD, chromosomes retained a prolonged pseudo-metaphase configuration despite sister chromatid separation (as judged by centromere distances), and chromosome shuffling was only observed much later (11.4 ± 2.9 min after NEBD; Figures S3C and S3D) . These analyses reveal a significant delay in the initiation of major error-correction events. Such delay is similar to mitotic timing in absence of functional SAC (Figures 2B, 2D, and 3B) . Thus, SAC inhibition counteracts genome shuffling in the absence of cohesin by shortening mitosis duration and thereby preventing extensive error correction.
A key prediction from this observation is that initial kinetochore-microtubule interactions are quite accurate and that inhibition of error correction should restore mitotic fidelity to a similar extent as SAC inactivation. Knowing that Aurora B has multiple roles during mitosis [20] , we titrated the levels of an Aurora B inhibitor, Binucleine 2, to a concentration that does not impair chromosome condensation, mitotic timing, SAC competency, or separation of daughter nuclei in the wing disc ( Figures S4A-S4D ). Using such concentration (5 mM), we show that mild Aurora B inhibition shortened the mitotic delay induced by TEV-mediated Rad21 cleavage ( Figure S4E ). Furthermore, this treatment completely abolished chromosome shuffling and motion after the initial separation of single chromatids to the poles ( Figure S4F ; Video S4). Importantly, decrease in Aurora B activity is sufficient to restore centromere segregation symmetry upon premature cohesion loss and eliminate the frequency of lagging chromosomes during mitotic exit ( Figures S4G and S4H ). We therefore conclude that initial capture of kinetochores by the microtubules has a strong bias for symmetry, even in the complete absence of cohesin. Major asymmetry in chromosome distribution, in turn, depends on error-correction events.
SAC Inactivation Restores Cell Survival after Loss of Cohesion
Our results indicate that mitotic defects upon loss of cohesion are less detrimental in absence of the SAC. If so, the degree of aneuploidy should follow a similar trend. Larvae wing discs are well known to eliminate cells with erroneous DNA content by apoptosis [13] . Therefore, SAC inactivation should reduce levels of apoptosis after cohesion loss. Virtually no apoptosis was detected (cleaved caspase-3 staining [CC3]) within the control wing discs (Rad21 TEV without TEV; Figures 4A and 4B) . In contrast, TEV-mediated cohesin cleavage induced high levels of apoptosis 24 hr after cohesin cleavage, extending to over 15% ± 2% of the entire wing disc area ( Figures 4A and 4B) . Remarkably, levels of apoptosis were significantly reduced when cohesin loss was induced in the absence of the SAC (3% ± 3%; Figures 4A and 4B) . Similar results were obtained upon depletion of San, where apoptosis covered approximately 7% ± 4% of the wing disc pouch area, compared to only approximately 0.9% ± 0.6% of the pouch area after co-depletion of San and Mad2 (Figures 4C and 4D) . These results show that inactivation of the SAC in proliferating tissues increases cell survival upon loss of cohesion.
DISCUSSION
In agreement with its ''safeguard'' function, mitotic errors are often exacerbated by impairment of the SAC. These include defects associated with multiple centrosomes, defective microtubule assembly, or kinetochore structure [21] [22] [23] [24] . Here, we demonstrate that the opposite happens with cohesion defects. Absence of the SAC alleviated mitotic errors and improved mitotic fidelity after cohesion loss. Cells with a functional SAC undergo extensive chromosome shuffling and consequent genome randomization, whereas virtually no shuffling is observed in absence of the SAC. The detrimental nature of the SAC in the absence of cohesin is likely related to irreversibility of cohesion loss. Most mitotic defects can be corrected over time, but premature cohesin loss is an irreversible error and prolonging mitosis further enhances genome randomization. Improved mitotic fidelity after cohesion loss in absence of the SAC is likely a consequence of slow kinetics of errorcorrection engagement coupled with a bias toward correct chromosome alignment. Several mechanisms are known to bias chromosome segregation toward the right orientation, including chromosome positioning [25] , centromere geometry [26] , bias on microtubule growth toward the kinetochores [27, 28] , and/ or kinetochore-mediated microtubule nucleation [29, 30] . Among these, chromosome geometry is believed to facilitate bipolar attachment by facing one kinetochore to the opposite pole upon attachment. If so, what ensures geometric arrangement during the initial mitotic stages, even in the absence of cohesin? A possible mechanism enabling transient orientation of chromatids toward opposing poles is the incomplete resolution of sister chromatid intertwines. Yet residual catenation in metaphase chromosomes is unable to confer functional cohesion, as removal of cohesin is sufficient to induce immediate chromatid separation [4, 16] . Additional mechanisms may thus impair resolution of sister chromatids during early mitosis, in contrast to metaphase chromosomes. Spindle forces enhance decatenation [31, 32] , and thus resolution of DNA intertwines may only be achieved upon chromosome capture. Recent findings propose that efficient decatenation requires constant ''guiding action'' from condensin I [33] , whose maximal levels are observed on chromosomes in late metaphase or anaphase [34, 35] . This gradual condensin loading could limit full decatenation to later stages of mitosis, making residual catenation sufficient to allow transient pseudo-metaphase alignment that biases initial chromosome attachment toward biorientation. Although error prone, this process would be more accurate than total genome randomization resulting from chromosome shuffling.
Why cohesion loss is insufficient at triggering error correction during early mitosis remains to be addressed. This could be related to a partial tension state facilitated by pseudo-metaphase chromosomal configuration. Additionally, an intrinsic delayed action of error-correction machinery may further account for observed late shuffling onset. Indeed, slow kinetics or a lag time of Aurora-B-mediated chromosome detachment has been hypothesized in several theoretical studies [36] [37] [38] with little experimental validation. Such intrinsic delay would solve the ''problem of initiation of biorientation'' whereby initial low-tension interactions could survive such a tension-sensitive error correction [18, 36] .
Interestingly, the interplay between mitotic timing and sister chromatid cohesion has been previously reported in mammalian cells whereby extension of mitosis predisposes to sister chromatid cohesion defects. Cells arrested in mitosis for long periods were shown to display sister chromatid separation (referred as ''cohesion fatigue'') [39] . Moreover, defective sister chromatid cohesion was described to be synthetically lethal with impaired APC/C function in Warsaw breakage syndrome (WABS) patient-derived cells as well as several cancer cell lines with cohesion defects [40] . Our observations demonstrate how reduction of mitotic timing is sufficient to rescue segregation defects associated with premature cohesin loss. Importantly, these experiments highlight the detrimental effect of the SAC upon cohesion defects. When sister chromatid cohesion is compromised and mitotic fidelity irreversibly affected, the SAC exacerbates mitotic errors in contrast to its canonical protective function.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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